Introduction

!
In many countries, first trimester combined screening based on maternal and gestational age, fetal nuchal translucency (NT), free beta-hCG and PAPP-A is considered to be the gold standard in screening for trisomy 21 , with a detection rate of about 90 % and a false-positive rate of 3 -5 % [1 -3]. In contrast, noninvasive prenatal testing (NIPT) provides much higher detection rates of about 99 % for trisomy 21 screening, with a false-positive rate of 0.1 % [4 -8]. In the long term, it is expected that NIPT will be the main method of screening. However, NIPT is currently still too expensive to offer it to all patients [6] . It could become cost-effective if first trimester screening, which is substantially cheaper and widely available, is combined with NIPT [9]. Nicolaides et al. proposed a contingent approach in which first trimester combined risk assessment is done first and NIPT is only offered if the risk of trisomies is higher than 1 in 3000 [10] . Chorionic villus sampling is only carried out in those with a positive NIPT result and, if NIPT testing fails to provide a result, in those with a combined test risk of 1 in 100 or higher. Such a policy would lead to diagnosis of 96.9 % of cases of trisomy 21 and require invasive testing in 0.39 % of the total population. However, this approach only focuses on trisomy 21 . In a recent series of 96 416 karyotype analyses, Grati et al. emphasized that if screening focuses only on trisomy 21, about half the chromosomal abnormalities would be missed [11] . Even if screening is extended to trisomy 13, 18 and sex chromosomal abnormalities, there will still be some cases with other chromosomal anomalies, such as triploidy or structural defects, that are associated with an adverse outcome. As most aneuploid fetuses have an increased first trimester risk of trisomy due to increased NT thickness or low PAPP-A levels, a contingent screening strategy including first trimester combined screening and NIPT seems reasonable. Different combinations, such as first trimester combined screening with karyotyping in the high risk group and NIPT in the intermediate risk group, or first trimester combined screening and NIPT if the risk surpasses a certain cut-off, are also possible. In this study, we examine the performance and the respective costs of five different contingent screening policies that combine first trimester combined screening with NIPT.
Methods
!
This is a retrospective study involving pregnancies in which first trimester combined screening was performed at the Praxis Praenatal.de in Duesseldorf, Germany between January 2000 and September 2012. Praxis Praenatal is a large private practice with about 15 000 patients a year. First trimester screening was performed by a combination of maternal age, fetal NT thickness and maternal serum free β-hCG and PAPP-A in a one-stop clinic for first trimester assessment of risk (OSCAR) at 11 + 0 -13 + 6 weeks of gestation [12, 13] . Transabdominal or transvaginal ultrasound examination was performed to diagnose any major fetal defects and to measure the crown-rump length (CRL) and the fetal NT thickness. The pregnancy was dated according to the last menstrual period, but if the dates were uncertain or the estimated gestation by CRL was discordant by more than seven days from the estimated gestation from dates, the CRL was used to date the pregnancy. Automated machines that provide reproducible results within 30 minutes were used to measure PAPP-A and free β-hCG (Kryptor system, ThermoFischer AG, Berlin/ Germany). Maternal demographic characteristics, ultrasonographic measurements and biochemical results were recorded in a computer database. Karyotyping was performed on maternal request, either because of an increased risk of trisomies, or due to maternal anxiety. Details on pregnancy outcomes were added to the database as soon as they became available. In Germany, all neonates are seen by a pediatrician after birth and at least six times within the first year of life. If a chromosomal abnormality is suspected, karyotyping is performed. If a child develops normally, no further genetic examination is carried out. We only included data of fetuses that were born at least a year ago to allow sufficient time for postnatal follow-up examinations.
Statistical analysis
For each pregnancy, the risk of trisomy 21, 18 and 13 was calculated based on the maternal and gestational age-related risk, the NT thickness and the serum levels of free beta-hCG and PAPP-A [12 -16] In summary, karyotyping is offered in the screen positive group after combined screening, the screen positive cases after NIPT, and the cases with uninformative NIPT results. 4. Same as policy 4) but with cut-offs of 1 in 150 and 1 in 500. 5. First line screening for chromosomal abnormalities by NIPT. In this group, NIPT is carried out for all patients with an estimated screening performance. In cases with uninformative NIPT results, we assumed that combined screening was performed with a risk cut-off of 1 in 50. According to policy 2, this cut-off corresponds to a false-positive rate of 2.3 %.
Schlussfolgerung: Die Kombination aus ETS und NIPT in der intermediären Risikogruppe führt zu der höchsten Erkennungsrate von aneuploiden Feten.
In summary, karyotyping is offered in the screen positive cases after NIPT, or in those cases with a sum risk after combined screening of 1 in 50 or more following an informative NIPT result. We assumed that NIPT provides detection rates of 99 % for trisomy 21, 98 % for trisomy 18, 90 % for trisomy 13 and 99 % for sex chromosomal abnormalities [5] . The overall false-positive rate was set at 0.5 %. In addition, we assumed that 3 % of the NIPT results are uninformative and for simplification, we presumed that all of these cases are euploid [17] . The estimated number of screen positive cases was rounded to the nearest whole number. Detection and false-positive rates were calculated by taking the proportions with risks above a certain risk threshold. To estimate the costs of each policy, we assumed that first trimester combined screening costs €150, NIPT €500 and karyotyping €1000.
Results
!
The search of the database identified 21 829 cases. 777 (3.6 %) cases were excluded from the further analysis: 648 cases were lost to follow-up, and in 129 cases, the pregnancy resulted in an intrauterine death without having obtained the karyotype. In 20 803 (98.8 %) cases the karyotype was normal. An abnormal karyotype was found in 249 (1.2 %) pregnancies. In 37 (14.9 %) cases, there was an inherited balanced rearrangement or a normal variant. These cases were grouped together with the normal cases for further analysis. There were 127 (51.0 %), 34 (13.7 %) and 13 (5.2 %) cases with trisomy 21, 18 and 13, respectively. 9 (3.6 %) fetuses had Turner syndrome and 6 (2.4 %) had other gonosomal abnormalities. In 23 (9.2 %) cases, an atypical chromosomal abnormality with an increased risk of adverse outcome was found ( • " Table 1 ). Thus, your study population consisted of 21 052 cases: 20 840 normal pregnancies and 212 pregnancies with a clinically relevant chromosomal abnormality. According to the maternal and gestational age distribution in our study population, 107 (95 % prediction interval 87 -127) cases of trisomy 21 were expected.
• " Table 2 summarizes the first trimester screening results. In the normal and in the trisomy 21 group, the median maternal age was 35.1 and 37.6 years, respectively. In the two study groups, the median delta NT was -0.06 and 1.71 mm, the median free beta-hCG was 1.02 and 2.32 MoM and the median PAPP-A was 1.06 and 0.58 MoM, respectively. In the atypical cases, the median maternal age was 37.9 years and the median delta NT was 0.18 mm. The median serum levels of free beta-hCG and PAPP-A were 1.37 MoM and 0.51 MoM, respectively.
• " Table 3 shows the distribution of the sum risk in the euploid and in aneuploid pregnancies.
First trimester screening policies 1. First trimester combined screening with a cut-off of 1 in 250
First trimester combined screening with a risk cut-off of 1 in 250 results in 1813 (8.7 %) false-positive cases. Such a policy detects with trisomy 21, 18, 13, sex chromosomal and atypical chromosomal abnormalities, respectively. Invasive testing is necessary in 1451 (6.9 %) cases. The cost of such a screening policy is 21 052 × €150 + 2024 × € 500 + 1451 × € 1000 = € 5.620.800 or € 28 387.88 for each detected aneuploid case. Norm = normal cases, T21/18/13 = trisomies 21/18/13, Sex = sex chromosomal aneuploidies, Atyp = atypical chromosomal abnormalities. 1 5142 (24.7 %) normal cases have a sum risk between 1 in 51 and 1 in 1000. In this group, NIPT is carried out with 179 abnormal test results: 3.0 % are uninformative corresponding to 154 cases. In the remaining 4988 cases, the false-positive rate with NIPT is 0.5 %, which corresponds to 25 false-positive cases. 2 For trisomy 21, 18, 13 and sex aneuploidy, it was assumed that detection rates of NIPT are 99 %, 98 %, 90 % and 99 %. The number of cases is rounded to the nearest whole number. 3 2013 (9.7 %) normal cases have a sum risk between 1 in 151 and 1 in 500. In this group, NIPT is carried out with 70 abnormal test results:
Screening for chromosomal abnormalities by NIPT
3.0 % are uninformative corresponding to 60 cases. In the remaining 1953 cases, the false-positive rate with NIPT is 0.5 %, which corresponds to 10 false-positive cases. 4 NIPT is carried out in all patients with 3 % uninformative results corresponding to 625 cases. In this group first trimester combined screening is performed with a sum risk cut-off of 1:50 and a false-positive rate of 2.3 %. This corresponds to 14 false-positive cases.
In the remaining 20 215 normal cases, NIPT would be carried out with a false-positive rate of 0.5 %, which corresponds to 101 cases. However, this approach requires that NIPT be done within a limited time frame of about 10 weeks so that there is still enough time to carry out first trimester combined screening if NIPT is uninformative. In addition, such a screening policy is associated with the highest costs.
Focusing on the detection of all chromosomal abnormalities, the contingent screening policies (policy 3 and 4) were most favorable, with detection rates of 93 -94 %. The costs of both contingent screening approaches were substantially lower than with policy 5 (first line screening with NIPT) and only moderately higher than with policy 1 (first trimester screening with a risk cut-off of 1:250). The latter approach results in detection rates of 91 % of all chromosomal abnormalities but in an expense of an invasive testing rate of almost 10 %. This is partly due to the shift in the maternal age distribution towards older women in our study population.
The advantage of such a policy relies in the small number of missed cases with atypical chromosomal abnormalities. Only 3 of the 23 cases remained undetected. In contrast, the "NIPT only" approach missed all of these cases. Within this group, there were 9 cases of triploidy, which are potentially detectable by an NIPT program based on a feto-parental comparison of polymorphisms [18] . At least some of these rare chromosomal abnormalities could have been picked up by a careful early anomaly scan due to the increased prevalence of major anomalies [19] . However, first trimester assessment of the fetal anatomy is not as standardized as the NT measurement and is highly dependent on the expertise of the operator. The majority of these cases with atypical chromosomal abnormalities have an increased sum risk for trisomy due to increased NT or abnormal biochemical marker levels. Therefore, it seems reasonable to recommend karyotyping if the risk after first trimester combined screening surpasses a certain threshold, and to restrict NIPT to the intermediate risk group. They may become even more evident, if in all high risk cases CGH array analysis is done [20, 21] . It could be argued that it is unnecessary to focus on these rare and lethal chromosomal abnormalities. However, as some of them, for example diandric triploidy, can result in very early preeclampsia, and as maternal morbidity and mortality are increased in late termination of pregnancy, early identification of these pregnancies is still beneficial [22, 23] .
Our results are consistent with previous studies. Cuckle et al. recently performed a cost sensitivity analysis for NIPT screening programs [24] . With a screening policy that only relies on NIPT and costs of $1000 for karyotyping and $500 for NIPT, the authors estimated that the average cost per Down syndrome detected (or according to their authors "avoided") compared with first trimester combined screening was $383 000. They concluded that a contingent policy in which 10 % to 20 % of women were selected for NIPT after first trimester combined screening was considerably more cost-efficient. We acknowledge that our study contains some weaknesses. In our study, the median maternal age was 35 years, in contrast to 30.7 years in Germany [25] . However, the observed maternal age distribution among the 21 052 examined pregnancies is representative for women requesting first trimester screening in Germany. Thus, our results are more realistic for Germany than after adjusting for maternal age. We only included data on fetuses that were born at least a year ago to allow sufficient time for postnatal follow-up examinations. We therefore believe that we have identified all live born children with major chromosomal abnormalities. However, due to the retrospective character of our study, karyotyping was not performed in cases with intrauterine demise, although there is an increased risk for aneuploidy in these cases [26] . We also believe that we may have underestimated the proportion of fetuses with balanced rearrangements, as postnatal karyotyping was only performed in suspicious cases. However, as we would have grouped these cases together with the euploid group in any case, the overall results of our study are not affected. In contrast to the first trimester combined screening results, we had to estimate the performance of NIPT. We tried to apply realistic figures for the detection and false-positive rates, but so far prospective screening studies about NIPT have involved only a limited number of cases. Nicolaides et al. reported on a screening study with 1939 euploid fetuses and 8 with trisomy 21. The detection rate was 100 %, with a false-positive rate of 0 % [27] . Song et al. observed the same screening performance in a study involving 8 trisomy 21 and 1733 pregnancies [28] . In the largest study, Dan et al. examined NIPT in 10 916 euploid pregnancies and 139 with trisomy 21 [29] . There was one false-positive case, and all affected fetuses were identified. In terms of trisomy 18 and 13, there is even less evidence. In the studies by Palomaki, Norton and Ashoor, 98.6 % of the pooled 147 fetuses with trisomy 18 were found. The false-positive rate was 0.1 % [30 -32] . Palomaki and Ashoor reported on 22 cases with trisomy 13 and a detection rate of 86.4 %, with a false-positive rate of 0.5 % [30, 33] . In terms of sex chromosome abnormalities, Mazloom et al. demonstrated that in their study with 19 gonosomal abnormalities, all affected cases were identified. An abnormal karyotype was suspected in 0.3 % of the 1450 normal cases [34] . When larger studies about NIPT become available, the screening performance of NIPT will fall slightly, for example due to a mosaic karyotype. The test will remain uninformative in about 3 % of all NIPT examinations [17] . This is due to low fetal fraction in maternal plasma cell-free DNA. At 11 -13 weeks of gestation, the median fraction is about 10 % and at least 4 % are required for successful NIPT examinations. Fetal fraction decreases with maternal weight, increases with fetal CRL, maternal serum level of free beta-hCG and PAPP-A, and is higher in smokers and in the fetuses with trisomy 21. The greatest contribution to fetal fraction, however, is provided by maternal weight. For example, the estimated proportion with fetal fraction below 4 % increases from 0.7 % at 60 kg to 7.1 % at 100 kg and 51.1 % at 160 kg. The inverse association between fetal fraction and maternal weight is mostly attributed to dilutional effects, but could also be explained by an accelerated turnover of adipocytes, which releases an increased amount of cell free DNA of maternal origin into the circulation, resulting in a lower fetal proportion of cell free DNA. In summary, we have shown that contingent screening with first trimester combined testing for all women and NIPT in the intermediate risk group provides higher detection rates than first trimester combined screening or NIPT alone.
